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Abstract: 
 Salmonella enterica serotype Typhimurium (STm) is a Gram-negative bacterial pathogen 
that causes chronic infection in mammals. During chronic infections, STm preferentially reside 
in hemophagocytic macrophages (HMs).  HMs are a unique type of macrophage that engulf and 
degrade viable cells of the hematopoietic lineage, such as erythrocytes.  Heme, a major 
component of erythrocyte hemoglobin, is degraded by the host enzyme heme oxygenase-1 (HO-
1) resulting in free iron. It is unclear how STm preferentially replicates in HMs, however, we 
hypothesize that free iron originating from degrading erythrocytes promotes STm replication.  
To examine if iron promotes STm replication, STm was grown in the presence of degraded 
erythrocytes and replication was monitored by growth curves.  In minimal media, STm 
replication was augmented in the presence of degraded erythrocytes.  Additionally, cell culture 
assays were utilized to determine STm replication in the presence of added iron, an iron chelator, 
and an HO-1 inhibitor. Supplementing cell culture non-HMs with free iron increased STm 
replication, while chelating iron in HMs decreased STm replication.  Inhibition of HO-1 activity 
also decreased STm replication in HMs suggesting that products released from heme breakdown 
enhance STm replication. Collectively, these results demonstrate that free iron released from 
HO-1-mediated breakdown of heme contributes to STm replication in HMs (Figure 1). 
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Introduction: 
Salmonella enterica (S. enterica) serotype Typhi is a Gram negative bacterial pathogen 
that causes Typhoid fever in humans, a serious systemic infection responsible for an estimated 
600,000 deaths per year.  Symptoms of Typhoid fever include fever, malaise, chills, headache, 
and nausea (Parry 2002).  S. enterica Typhimurium (STm) causes enterocolitis in humans and a 
typhoidal-like infection in mice that models both acute and chronic disease.  Murine strains 
lacking a cation transporter (Nramp1) are compromised for innate immunity and die of acute 
infection from STm, while mice with a functional copy of the transporter develop acute 
infections that transition to chronic.  The study of chronic disease is particularly important 
because approximately 5% of infected humans develop chronic asymptomatic infection and 
become a source of future epidemics.  Additionally, mice infected with STm model the human 
inflammatory syndrome Hemophagocyctic lymphohistiocytosis (HLH) (Brown 2010), which is 
an under-diagnosed disease with a 50-90% mortality rate (Créput 2008, Allen 2008).  HLH is 
characterized by the over-activation of white blood cells with symptoms including fever, 
jaundice, and the presence of hemophagocytic macrophages (HMs) (Brown 2010).  The presence 
of HMs is also a clinical characteristic of Typhoid fever.  HMs are unique macrophages that 
engulf and degrade viable cells of the hematopoietic lineage, such as non-senescent erythrocytes, 
and may contribute to Salmonella persistence (Brown 2010, Silva-Herzog 2010).   
Erythrocytes are a rich source of iron, an essential nutrient for almost all pathogens to 
sustain an infection within the host (Skaar 2009).  The majority of vertebrate iron is bound to 
heme, which is primarily within hemoglobin (Reniere 2010), the oxygen transport protein of 
erythrocytes.  When erythrocytes are engulfed by macrophages, heme oxygenase-1 (HO-1) 
catalyzes the first step in the break-down of heme to carbon monoxide, billiverdin, and free iron 
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(Chung 2009, Paine 2010).  The free iron released from this reaction is sequestered by ferritin 
within lysosomes.  We hypothesize that in HMs, STm acquires this iron released from HO-1-
mediated degradation of heme, which is critical for bacterial virulence. 
Background: 
Macrophages are white blood cells of the immune system that make up a significant 
portion of the cells in tissues prone to infection, such as the liver, lungs, and gut (Gordon 2007).  
In response to an invading pathogen, macrophages also secrete cytokines and chemokines such 
as IL-1, IL-6, IL-12, IL-8 and TNF-ɲ that influence surrounding cells and induce a pro-
inflammatory response (Janeway 2001).  The primary function of macrophages during infection 
is to engulf cellular debris and pathogens by a process called phagocytosis.  Once phagocytosed 
by the macrophage, the pathogen is located in a cellular compartment called a phagosome, which 
subsequently fuses with a lysosome for final degradation by lysosomal enzymes and peroxides.  
This process ultimately contributes to the clearance of pathogens and foreign objects from the 
body.  However, some pathogens, like STm, have evolved methods of evading these macrophage 
defenses.  Once phagocytosed, STm resides within the Salmonella-containing vesicle, a 
compartment that resembles a phagosome.  These vesicles differ from phagosomes in that they 
actively prevent fusion to lysosomes, thereby preventing STm degradation.  Furthermore, the 
environment provided by the Salmonella-containing vesicle supports STm replication within the 
cell.  
In mice, STm causes systemic infections that model acute and chronic disease, including 
the development of clinical features of human Typhoid fever.  An important determinant of the 
outcome of infection with STm is the presence or absence of the Nramp1 protein.  Nramp1 is a 
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cationic transporter of iron that is responsible for the export of iron from the Salmonella-
containing vesicle.  Traditionally, mice with homozygous deletions of Nramp1 (C57B1/6, 
BalbC) have been studied and develop lethal acute STm infections.  However, SV129S mice are 
unique to the studies of STm because they have a functional Nramp1 protein and these mice 
progress from acute to chronic infection.  Research on the progression of STm infection in 
SV129S Nramp +/+ mice suggests that bacteria preferentially reside in a type of macrophage 
called hemophagocytic macrophages (HMs) during acute and chronic infection (Nix 2007).   
HMs are unique because they engulf and degrade non-senescent red blood cells and/or 
non-apoptotic white blood cells.  HMs are associated with multiple microbial diseases, including 
tuberculosis, leishmaniasis, influenza, and Typhoid fever.  Our lab has demonstrated that STm 
resides within HMs in the liver and spleen of infected mice (Nix 2007).  In cell culture HMs 
derived from bone marrow-derived macrophages, STm survives and replicates preferentially at 
18 and 24 hours post-infection (Silva-Herzog 2010).  Conversely, in HMs infected with 
Escherichia coli, the bacteria are degraded by two hours post-infection, and co-infection with 
STm and E . coli does not rescue E . coli from killing by the macrophage (Silva-Herzog 2010).   
These observations suggest HMs may represent a novel survival niche during persistent STm 
infection. 
STm additionally requires two Type Three Secretion Systems (T3SS) to replicate within 
HMs (Silva-Herzog 2010).  Salmonella pathogenicity islands 1 (T3SS1) and 2 (T3SS2) encode 
secretion systems that act as injection apparatuses to export bacterial proteins into host cells.  
T3SS1 secretes effector proteins into the host cell that manipulate the actin cytoskeleton and are 
necessary for invasion of epithelial cells.  T3SS2 effectors alter vacuolar trafficking and are 
necessary for intracellular bacterial replication and for dissemination in mice and macrophages 
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(McGhie 2009).  Studies suggest that Nramp1 increases the expression of T3SS2 (Zaharik 2002), 
and that Ferric uptake regulator (Fur), an important transcription factor for the expression iron 
acquisition and metabolism proteins in STm, regulates T3SS1 during infection (Ellermeier 
2007). 
Iron is an essential nutrient for most pathogens to sustain virulence in the host.  STm is 
not an exception to this requirement, as iron is needed for DNA synthesis and associated with 
multiple enzymes involved in electron transport and energy metabolism (Weinburg 1998).  We 
hypothesize that STm preferentially replicate within HMs because they can acquire excess iron 
from the degrading erythrocyte which is not present in non-hemophagocytic macrophages.  
Erythrocytes are cells of the immune system that transport oxygen throughout the body and are 
rich in the iron-containing protein, hemoglobin.  Hemoglobin is composed of four heme subunits 
each containing a poryphrin ring bound to a molecule of iron.  Heme oxygenase-1 (HO-1) is an 
inducible enzyme that catalyzes the first and rate-limiting step of heme degradation to carbon 
monoxide, billiverdin, and iron (Chung 2009, Paine 2010).  HO-1 has been shown to have anti-
oxidant properties and protect against oxidative stress and apoptotic cell death (Paine 2010).  
Furthermore, HO-1 has anti-inflammatory effects on the cell (Paine 2010), which can be harmful 
to the host during infection because pathogen clearance is impaired.  When HO-1 produces free 
iron from heme catabolism the iron is subsequently bound by ferritin, an iron chelator found in 
lysosomes.  This prevents adverse cytotoxic effects from the accumulation of iron (Eisenstein 
1991) and effectively sequesters iron from invading pathogens.  
Collectively, data from our lab and others suggest the hypothesis that STm preferentially 
survive in HMs because the bacteria can acquire iron from HO-1-mediated heme degradation. 
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Materials and Methods: 
Media Preparation: 
M9 media was prepared with 2% dextrose, .002% histidine, .05% casamino acids, 1mM MgSO4, 
and 20% 5X M9 salts (211.3mM Na2HPO4, 110mM KH2PO4, 93.4mM NH4Cl, 42.77 mM 
NaCl).  Luria broth (LB) was prepared with 10 g tryptone, 5 g yeast extract, 5 g NaCl, 1 ml of 
1M NaOH for 1 liter of media.  Ferric ammonium citrate (FAC) was used at a concentration of 
200 uM  ,URQFKHODWRU¶¶GLS\ULG\O 6LJPDZDVXVHGDW DFRQFHQWUDWion of 100 uM.  HO-1 
inhibitor, tin protoporphyrn (SnPP) (Frontier Biosciences) was used at 10 uM/ml.  
Bacterial Growth Conditions: 
S enterica serotype Typhimurium wild-type strain SL1344 was grown in LB broth or on LB agar 
plates for 18 hours in the presence of streptomycin (30 ug/ml), an antibiotic to which all 
Salmonella are resistant. Strains with marked deletions of ssaC or invJ were constructed as 
described (Silva-Herzog 2010), and were grown in the presence of kanomycin (30 ug/ml).   
Preparation of Red Blood Cells: 
Erythrocytes were obtained from SV129S mice by cardiac puncture, and were washed twice with 
PBS.  Two methods were used for erythrocyte lysis. 1) Erythrocytes were added to lysis buffer at 
a concentration of 3 x 107 cells/ml (lysis) or 2) 3 x 107 cells/ml were added to M9 minimal 
medium and frozen at -80°C (freeze-thaw).  Lysed-then-heated erythrocytes were frozen as 
described above and subsequently placed at 50°C for 20 hours (Rieder 1970).  
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Growth Curves: 
Salmonella strains were grown overnight in LB for 16-18 hours. Cultures were centrifuged for 5 
minutes at 5000 rpm, resuspended in PBS and bacteria were then added at an optical density 
(OD600) of 0.01 to 200 ul M9 minimal medium in a 96 -well plate.  Bacterial growth was 
measured in the presence or absence of ferric ammonium citrate (FAC), whole erythrocytes, 
lysed erythrocytes, and lysed-then-heated erythrocytes.  OD600 was recorded at twenty minute 
intervals in a Synergy2 plate reader for 16-18 hours at 37°C with medium shaking. Changes in 
optical density over time were used to generate growth curves. 
Cell Culture Infection of BMDMs: 
Bone marrow derived macrophages were isolated from SV129S mice as previously described 
(Warren 1985).  Briefly, marrow was flushed from femurs of mice and stem cells were isolated 
by overlaying on Histopaque-&ROOHFWHGFHOOVZHUHJURZQLQ'XOEHFFR¶V0RGLILHG(DJOH¶V
Medium (DMEM) containing 10% Fetal Bovine Serum, L-glutamine, sodium pyruvate and 30% 
L-cell supernatant.  Upon differentiation into macrophages, cells were seeded in 24 well plates at 
1.5 x 105 FHOOVSHUZHOODQGDFWLYDWHGZLWKQJPO/36DQGQJPO,)1ȖIRU-24 hours.  
Erythrocytes were added to macrophages at 1.5 x 107 erythrocytes/well (1:100 macrophages to 
erythrocytes) for 60 minutes at 37°C to generate HMs.  Macrophages were subsequently washed 
and infected with normal mouse serum (NMS)-opsonized Salmonella at a multiplicity of 
infection (MOI) of 10.  After 30 minutes, cells were incubated in fresh media supplemented with 
gentamicin (100 ug/ml) to kill extracellular bacteria for an additional 1.5 hours.  For time points 
past two hours, media was supplemented with gentamicin (10 ug/ml) to prevent extracellular 
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bacterial growth.  At 2, 8, 18, and 24 hours cells were washed with PBS, lysed with 0.1% Triton 
X100, and serial dilutions plated for enumeration of colony forming units (CFUs). 
Immunofluorescence Microscopy: 
At each time point (30 min, 2, 5 and 8 hours) cells were incubated with 1 part 2% aqueous 
potassium ferrocyanide and 1 part 2% hydrochloric acid for 30 minutes.  Staining solution was 
ZDVKHG ZLWK 3%6 DQG ¶-Diaminobenzidine (DAB) was added for 30 minutes.  Coverslips 
were blocked with 10% goat serum for 30 minutes and subsequently permeabalized with 2% 
goat serum and 0.1% triton for 10 minutes.  Coverslips were immunostained with primary 
antibodies at a concentration of 1:100 for 30 minutes at room temperature.  Washed slides were 
incubated with a secondary antibody at a concentration of 1:100 for 30 minutes at room 
temperature.  Nuclei were stained with DAPI, and slides were mounted using Paramount.  
Imaging was performed on a Nikon Exlipse E600 microscope.     
Results: 
I ron accumulates in STm infected hemophagocytic macrophages.  Iron is an essential 
nutrient for most pathogens to sustain infection within the host.  Salmonella enterica 
Typhimurium (STm) preferentially resides in HMs and HMs contain erythrocytes as a potential 
iron source. Therefore, the presence of iron was monitored by immunofluorescence microscopy.  
At thirty minutes and two, five, and eight hours post-LQIHFWLRQFHOOVZHUHIL[HGVWDLQHGZLWK¶-
diaminobenzidine to label iron, and subsequently categorized based on iron levels within the cell: 
large, punctate, and none (Figure 2A).  The number of HMs without iron decreased between two 
and five hours post-infection and remained constant between five and eight hours.  
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F igure 2. I ron accumulates in STm-infected hemophagocytic macrophages. Activated 
BMDMs were incubated with erythrocytes for one hour and subsequently infected with STm 
strain SL1344 at an multiplicity of infection (MOI) of 10.  At the times indicated, cells were 
IL[HG DQG VWDLQHG ZLWK ¶-diaminobenzidine (DAB) to monitor the presence of iron by 
immunofluorescence.  A minimum of 100 cells per time point were categorized estimated by the 
amount of iron they contain: large, punctate, or none.  A) Representative image of cells with 
large and punctate iron at 5 hours post-infection.  B) The number of HMs with no iron (white), 
large iron (grey), and punctate iron (black). Error bars represent SEM (N=9). 
 
In contrast, the number of HMs with punctate iron increased from two to five hours post-
infection and the number of HMs with large iron deposits steadily increased from two to eight 
hours (Figure 2B).  This preliminary data demonstrates that iron accumulates within HMs over 
time in response to infection with STm.   
STm replication is increased in M9 minimal medium supplemented with lysed-then-heated 
erythrocytes.  To next determine whether STm can utilize iron from degrading erythrocytes 
within HMs for replication, STm was grown in the presence of various forms of erythrocytes: 
whole, lysed, and lysed-then-heated.  Lysed erythrocytes provide STm with heme released from 
the cell while erythrocytes that have been lysed and subsequently heated provide free iron 
released from heme (Reider 1970).  As a positive control, STm was inoculated at an optical 
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density (OD600) of 0.01 in M9 minimal medium in the presence of ferric ammonium citrate, a 
source of Fe3+, and OD600 was monitored in 20 minute intervals to confirm that STm could 
acquire and utilize free iron for replication in M9 minimal medium.   
 
F igure 3. STm replication is increased in M9 
minimal medium supplemented with lysed-then-
heated erythrocytes.  STm strain SL1344 was grown 
in LB overnight at 37°C and then inoculated in M9 
minimal medium with different iron sources.  The 
optical density (OD600) of growth was measured in 20 
minute intervals for 17-20 hours.  A) Growth of STm 
in the presence (black) or absence (blue) of ferric 
ammonium citrate (FAC).  Graphs B and C show 
STm incubated with lysed erythrocytes (RBCs). B) 
Erythrocytes were lysed with lysis buffer.  Growth of 
STm in the presence of lysed-then-heated erythrocytes 
(L+H RBCs) (green), lysed erythrocytes (L RBCs) 
(red), lysis buffer (orange) and M9 (blue). C) 
Erythrocytes were lysed by freeze-thaw method.  STm 
growth in the presence of L+H RBCs (green), L RBCs 
(red), whole erythrocytes (RBCs) (purple) and M9 
(blue). Error bars indicate standard deviation (N=3).  
These data are representative of greater than five 
experiments.   
!
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In the presence of ferric ammonium citrate, STm replicated faster, indicated by the sharper slope, 
and reached a higher final OD600 than STm growth in M9 minimal medium alone (Figure 3A).  
This confirmed that in minimal medium STm can utilize free Fe3+ for increased replication.   
To determine which forms of broken-down erythrocytes STm could utilize for increased 
replication in minimal medium, the degradation of erythrocytes within HMs was mimicked.  
STm was inoculated as described previously but in the presence of whole, lysed (heme), and 
lysed-then-heated (iron) erythrocytes.  In both the lysed and lysed-then-heated erythrocyte 
conditions, there was an increase in STm growth as compared to bacteria incubated with lysis 
buffer alone (control).  The STm incubated in the lysed and lysed-then-heated conditions grew at 
the same slope initially, but the lysed-then-heated erythrocyte condition had a higher final OD600 
(Figure 3B).  These results indicate that STm can utilize lysed erythrocytes and lysed-then-
heated erythrocytes for increased replication.  Furthermore, free iron from the lysed-then-heated 
erythrocytes may be responsible for the higher final OD600.  However, the lysis buffer had a 
negative effect on STm growth as the replication of STm inoculated with lysis buffer was 
significantly lower than STm in minimal medium alone (control).  Because lysis buffer impairs 
STm replication, another method to lyse erythrocytes was utilized.  Erythrocytes were lysed by a 
freeze-thaw method and STm was inoculated as described previously.  In all erythrocyte 
conditions lysed by freeze-thaw, STm growth was significantly increased.  However, the lysed-
then-heated erythrocyte condition stimulated STm growth to a significantly higher final OD600 of 
1.74 compared to the lysed erythrocyte and whole erythrocyte conditions (OD600 = 1.33 and 
OD600 = 1.25 respectively), and the M9 minimal medium control (OD600 = 0.95) (Figure 3C).  
This data demonstrates that lysed-then-heated erythrocytes significantly increase STm 
replication in minimal medium and we hypothesize that the difference in growth between the 
! ! Hanson 11 
!
lysed-then-heated erythrocyte and lysed erythrocyte conditions is due to the free iron available 
from lysed-then-heated erythrocytes. 
STm replication increases in cultured non-H Ms supplemented with fer ric ammonium 
citrate.  We hypothesize that STm preferentially resides in HMs because HMs contain more iron 
than non-HMs.  This idea was tested by adding free iron to non-HMs to mimic the iron within 
HMs.  STm replication in non-HMs was then monitored.  To establish whether excess iron 
increases STm replication in cell culture, we added ferric ammonium citrate (FAC) to cultured 
non-HMs infected with STm strain SL1344. 
 
 
F igure 4. STm replication increases in cultured non-H Ms supplemented with fer ric 
ammonium citrate. Activated BMDMs were incubated with and without ferric ammonium 
citrate (FAC).  Cells were then infected with STm strain SL1344 at an MOI of 10.   At 2, 8, 18, 
and 24 hours BMDMs were lysed and lysates were used to determine colony forming units 
(CFU).  CFUs for non-HMs treated with FAC (NHMs + FAC) (green) and non-HMs (NHMs) 
(red) are shown.  Error bars represent SEM (N=4).  Highest and lowest values were removed.  P-
values were determined with a T-test at 2, 8, 18, and 24 hours for NHMs + FAC vs NHMs.  
Asterisks (**) indicate p < 0.004. 
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At 2, 8, 18, and 24 hours cells were lysed and colony forming units (CFUs) were enumerated 
from cell lysates.  At all time points, non-HMs treated with FAC had a significantly higher 
number of bacteria than untreated non-HMs (Figure 4).  This result demonstrates that the 
addition of ferric ammonium citrate (free iron) increases STm replication in non-HMs, and 
suggests that the excess iron from the engulfed erythrocyte could mediate increased replication 
of STm in HMs.   
STm replication decreases in cultured H Ms upon treatment with an iron chelator .  We 
hypothesized that the excess iron within HMs plays a role in STm replication.  To determine 
ZKHWKHUH[FHVVLURQLQ+0VLVUHVSRQVLEOHIRU67PUHSOLFDWLRQDQLURQFKHODWRU¶¶GLS\ULG\O
was added to cultured HMs and CFUs were monitored at 2, 8, 18, and 24 hours post-infection.  
The number of bacteria was similar between HMs incubated in the presence or absence of the 
chelator at 2 and 8 hours. However, the number of bacteria in HMs increased at 18 and 24 hours 
while STm in HMs incubated with the iron chelator did not replicate significantly after 8 hours 
(Figure 5).  This result demonstrates that chelating iron in HMs impairs STm replication and 
suggests that excess iron is responsible for the increased replication of STm in HMs.  This data 
also provides evidence that STm may be acquiring and utilizing iron for replication at later time 
points following infection, which is consistent with the observation that increased STm 
replication in HMs occurs at 18 hours post-infection (Silva-Herzog 2010).     
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F igure 5. STm replication decreases in cultured H Ms upon treatment with an iron chelator . 
Activated BMDMs were incubated with erythrocytes to produce HMs.  Cells were subsequently 
LQFXEDWHGZLWK DQGZLWKRXW ¶¶ dipyridyl (dipy) and infected with STm strain SL1344 at an 
MOI of 10.  Cells were lysed at 2, 8, 18, and 24 hours and lysates were used to determine CFU. 
&)8VIRU+0VEOXHDQG+0VLQFXEDWHGZLWK¶¶GLS\ULG\O +0GLS\SXUSOHDUHVKRZQ
Error bars represent standard deviation (N=3).  Data shown is representative of two independent 
experiments.  P-values were determined by T test for 2, 8, 18, and 24 hours.  Asterisks (*) 
indicate p <  0.04.  
 
Type Three Secretion Systems 1 and 2 are not required for STm iron acquisition in M9 
minimal medium.  Because previous evidence (Figures 1-5) suggests that STm acquires excess 
iron in HMs for increased replication, potential bacterial factors that may mediate this phenotype 
were examined.  Two Type Three Secretion Systems (T3SSs) are required for STm virulence in 
HMs (Silva-Herzog 2010) and Nramp1, an iron transporter, has been suggested to increase 
T3SS2 expression (Zaharik 2002).  Furthermore, Ferric uptake regulator (Fur), a protein 
responsible for the expression of many iron related genes in STm, regulates T3SS1 (Ellermeier 
2007).  For these reasons, the growth of STm strains with a T3SS1 (invJ) and T3SS2 (ssaC) 
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machinery mutation was determined.  Wild type, T3SS1-, and T3SS2- strains were inoculated at 
an optical density (OD600) of 0.01 in M9 minimal medium in the presence or absence of ferric 
ammonium citrate (FAC).  Wild-type, T3SS1-, and T3SS2- grew similar in all conditions.  Ferric 
ammonium citrate increased STm replication of all strains compared to growth in M9 minimal 
medium alone; however, there was no significant difference in growth between wild-type and 
T3SS mutants inoculated with free iron (Figure 6).   
 
 
F igure 6. Type Three Secretion Systems 1 and 2 are not required for STm iron acquisition 
in M9 minimal medium. Strains were grown overnight in LB at 37°C and inoculated in M9 
minimal medium in the presence or absence of FAC.  The growth of T3SS2- (black), T3SS1- 
(red), wild type (WT) (blue), T3SS2+FAC (orange), T3SS1+FAC (purple), and WT+FAC 
(green) is shown.   Error bars represent standard deviation (N=3).  These data represent three 
independent experiments.   
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If the T3SSs were required for iron acquisition in M9 minimal medium, the mutant strains would 
not replicate as well as the wild type in the presence of free iron because they would not import 
the available iron.  Both mutants grew similarly to wild type in the ferric ammonium citrate 
condition demonstrating that the T3SSs do not play a role in iron acquisition in M9 minimal 
medium. 
Type Three Secretion System 2 may be required for iron acquisition in cell culture.  Though 
the T3SSs are not required for iron acquisition in minimal medium, the T3SS machinery may not 
be activated unless STm is within or near a host cell.  Therefore, to establish whether a T3SS was 
required for iron acquisition in cell culture, wild type and T3SS2- replication in non-HMs 
incubated with and without ferric ammonium citrate (FAC) was monitored by enumerating 
colony forming units (CFU). Only T3SS2- was analyzed because T3SS2 is utilized more by STm 
while inside the Salmonella-containing vesicle, and this is likely when STm are acquiring iron.  
Ferric ammonium citrate added to non-HMs increased the replication of both wild-type and 
T3SS2- strains similarly, but the wild-type strain may replicate slightly more than the T3SS2- 
strain.  Because the T3SS2- strain grew slightly less than the wild type, but not significantly it is 
hard to discern the requirement for T3SS2 in iron acquisition. T3SS2 may be required for iron 
acquisition, but this data remains inconclusive and more experiments are needed to further 
elucidate the role of T3SS2 in iron acquisition in cell culture (Figure 7). 
Inhibition of H O-1 decreases STm replication in cultured H Ms.  Having analyzed bacterial 
components that may be responsible for increased STm replication in HMs (Figures 6 and 7), 
host factors that might play a role in STm iron acquisition were next investigated.  Heme 
! ! Hanson 16 
!
oxygenase-1 (HO-1) mediates the degradation of heme to billiverdin, carbon monoxide, and free 
iron.  The presence of an erythrocyte within HMs induces HO-1 activity, thereby providing STm 
with free iron.  To test this, HMs were pre-treated with an HO-1 inhibitor, tin protoporphryn 
(SnPP), and STm replication was monitored by enumerating colony forming units (CFU) at 2, 8, 
18, and 24 hours post-infection.  STm replication was similar between HMs and HO-1-inhibited  
 
 
F igure 7. Type Three Secretion System 2 may be required for iron acquisition in cell 
culture.  Activated BMDMs were incubated with and without FAC and subsequently infected at 
an MOI of 10 with wild type STm strain SL1344 and STm strain with a T3SS2- mutation.  Cells 
were lysed at 2, 8, 18, and 24 hours and lysates were used to determine CFU.  CFUs for non-
HMs infected with T3SS2- (black), non-HMs incubated with FAC and infected with T3SS2- 
(T3SS2- +FAC) (orange), or non-HMs incubated with FAC and infected with wild type (WT + 
FAC) (green) is shown.  Error bars represent SEM (N=6).   
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HMs at 2, 8, and 18 hours post-infection.  However, at 24 hours post-infection, STm replication 
was attenuated in HMs treated with the HO-1 inhibitor compared to HMs treated with vehicle 
(Figure 8).  This result demonstrates that HO-1 inhibition decreases STm replication in HMs and 
suggests that the activity of HO-1 in HMs may provide an iron source for STm. 
 
F igure 8.  Inhibition of H O-1 decreases STm replication in cultured H Ms.  Activated 
BMDMs were incubated with HO-1 inhibitor (SnPP) for one hour.  Cell were then incubated 
with erythrocytes to produce HMs and subsequently infected with STm strain SL1344 at an MOI 
of 10.  Cells were then lysed at 2, 8, 18, and 24 hours and lysates were used to determine CFU.  
Data for HMs (blue) and HMs with HO-1 inhibitor (SnPP) (red) is shown.  Error bars represent 
SEM (N=7), highest and lowest values were removed.  
 
Discussion 
 The data presented demonstrate that iron accumulates within HMs following infection 
with STm (Figure 2) leading to our hypothesis that STm can acquire and utilize this iron for 
replication in HMs.  Growth curves demonstrate that incubation with lysed-then-heated 
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erythrocytes significantly increases STm replication suggesting STm can acquire and utilize iron 
released from heme for replication (Figure 3).  In cell culture, STm replication increased in non-
HMs pre-treated with ferric ammonium citrate (FAC), while an iron chelator decreased STm 
replication within HMs (Figures 4 and 5).  Both of these results further support our hypothesis 
that STm benefits from excess iron within HMs.  Bacterial components required for virulence, 
T3SSs, were analyzed in minimal medium and cell culture and were not required for iron 
acquisition in minimal medium. The role of T3SS2 in iron acquisition within non-HMs treated 
with FAC remains inconclusive (Figures 6 and 7).  Next, the host enzyme HO-1 and its relation 
to STm replication in HMs was analyzed and it was observed that STm replication decreased in 
HMs pre-treated with an HO-1 inhibitor (Figure 8).  Collectively, these data establish that STm 
can utilize iron for increased replication in minimal medium and in cell culture.  The data also 
suggests that host mechanisms, rather than bacterial components (T3SSs), may provide free iron 
for STm to utilize for increased replication (Figure 1).   
 It has previously been demonstrated that STm preferentially replicates in HMs (Nix, 2007 
and Silva-Herzog 2010), however the mechanisms underlying the increased replication remain 
unclear.  The data shown here suggests that increased replication of STm in HMs may in part be 
due to excess iron provided by the degrading erythrocyte.  As iron is an essential nutrient for 
most pathogens to sustain virulence during infection, it is logical that STm would replicate 
preferentially within a cell type that naturally has a higher concentration of iron. 
Furthermore, this data also suggests a potential host mechanism by which STm acquires 
iron.  When an erythrocyte is brought into the macrophage, heme within the erythrocyte is 
degraded by HO-1 to produce billiverdin, carbon monoxide, and free iron (Chung 2009).  In this 
study, replication of STm was decreased upon HO-1 inhibition, suggesting that HO-1 activity 
! ! Hanson 19 
!
contributes to STm iron acquisition in HMs.  By residing in HMs during chronic infection, STm 
exploits a cell type that will naturally provide more iron and, thus, allow for enhanced 
replication.  Evidence of HO-1 activities enhancing the pathogenesis of other pathogens has been 
previously shown.  Increased expression of HO-1 has been suggested to influence the 
pathogenesis of cerebral malaria, a parasite that resides in erythrocytes (Kuesap 2010).  
However, this is the first pathogen living within macrophages shown to potentially benefit from 
HO-DFWLYLW\7KLVLVDQRYHOLGHDEHFDXVHLWVXJJHVWVWKDWLWLVWKHKRVW¶VQDWXUDODFWLYLWLHVWKDW
may provide pathogens with iron for increased pathogenesis. Understanding the mechanisms by 
which pathogens can acquire free iron released from HO-1 could lead to novel treatments for 
these diseases. 
A key factor in STm iron acquisition is the Ferric uptake regulator (Fur) which is 
repressed when bound by iron and, thereby, responsible for activating the expression of iron 
uptake genes in low concentrations of iron.  When not bound by iron (in low iron concentrations) 
Fur enhances the expression of many iron-uptake loci like IroBCDE, sitABCD and IroN (Muller 
2009). During infection, the host captures iron through molecules like transferrin and heme, 
resulting in low iron concentrations.  As a result, Fur is thus activated and induces the production 
of these iron-uptake proteins.  Additionally, Fur is responsible for the secretion of bacterial iron 
chelators, two siderophores called enterobactin and salmochelin, the glycosylated version of 
enterobactin (Hantke 2003).  These siderophores are important for iron acquisition during 
LQIHFWLRQDQGPD\SOD\DUROHLQ67P¶VLURQDFTXLVLWLRQDQGUHSOLFDWLRQLQ+0V 
The role of Fur and its downstream targets suggests that there are synergistic or 
UHGXQGDQWPHFKDQLVPVWR67P¶VDELOLW\WRDFTXLUHLURQ7KRXJK+2-1 may provide free iron for 
WKHEDFWHULD67P¶VRWKHUPHFKDQLVPVPD\ DOVR DOORZ WKHEDFWHULD WR DFTXLUH LURQZLWKRXW WKH
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activities HO-1.  Further studies involving HO-1 and STm mutants that regulate iron are required 
to elucidate the exact mechanisms by which STm acquires iron within HMs.   
The data presented here ultimately suggest that HMs contain more iron than non-HMs, 
DQG LW LV 67P¶V DELOLW\ WR DFTXLUH DQG XWLOL]H WKLV LURQ WKDW UHVXOWV LQ LWV LQFUHDVHG UHSOLFDWLRQ
within HMs.  Furthermore, the data has begun to elucidate a potential mechanism for this iron 
acquisition through the activities of the endogenous enzyme HO-1.  Further studies may 
elucidate the exact mechanisms by which STm can acquire free iron from HO-1 activity and may 
lead to a better understanding of the biology of hemophagocytic macrophages and their role in 
diseases like Hemophagocytic limphohistiocytosis (HLH) and Typhoid fever, two diseases 
characterized by the presence of HMs.   
Future Experiments and Directions 
 Many of the experiments presented here suggest that STm acquires excess iron from 
degrading erythrocytes in HMs.  While the presented data are compelling, due to time 
constraints, some of these experiments must be replicated once more (Figures 4, 5, and 7), to 
obtain an N of 3.  In addition, to further establish that the lysed-then-heated erythrocytes provide 
iron for STm replication, an iron chelator will be used in the growth curve assay.  Further cell 
culture studies with the T3SS2- strain also must be conducted to determine the role of T3SS2 in 
iron acquisition. 
New experiments involving HO-ZLOODOVREHFRQGXFWHG WRHOXFLGDWH LWV UROH LQ67P¶V
enhanced replication.  The HO-1 inhibitor will be titrated in cultured HMs to determine at what 
level HO-1 needs to be activated for STm to acquire iron.  To supplement the HO-1 inhibition 
experiment, HMs will be incubated with and HO-1 inducer, cobalt protoporphryn (CoPP).  With 
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HO-1 expression increased by CoPP, there should be a significant increase in STm replication.  
Furthermore, the HO-1 inhibitor and inducer should also be tested in a mouse model.  This 
would establish whether HO-1 inhibition and induction affects STm virulence within an 
organism. 
 Collectively, the current results suggest that STm acquires excess iron for increased 
replication within HMs.  Furthermore, inhibition of HO-1 hinders STm replication, which 
alludes to a potential mechanism by which STm acquires iron.  To further elucidate this 
mechanism, STm mutants lacking known iron acquisition genes should be utilized in the cell 
culture assay to determine their role in STm replication.  Currently, the Detweiler lab is 
constructing STm iron mutants to determine which STm proteins are responsible for iron 
acquisition during infection.  The genes to be analyzed include fepB, sitA, mntH, and feoB; all of 
which play a role of iron acquisition into the bacterial cell.  Incubating HMs with an HO-1 
inhibitor and subsequently infecting them with these STm iron mutants could specifically 
address both the bacterial and host-cell factors that result in STm iron acquisition.  There will 
likely be a growth defect in the STm with mutations in these iron genes and these defects could 
be further exaggerated by the inhibition of HO-1.  This result would suggest a synergistic or 
redundant mechanism by which STm acquires and utilizes iron in HMs. 
 For survival within a cell and virulence, STm must have access to certain nutrients for 
energy metabolism and replication.  In addition to iron, HMs likely provide other nutrients 
required for the bacterial replication, such as lipids.  Lipids that are found in erythrocytes could 
provide an energy source for STm during infection of HMs.  Previous studies have shown that 
HMs contain vacuoles that may contain fatty acids (Brown 2010) and the importance of host 
cholesterol in the Salmonella-containing vesicle (SCV) has previously been shown (Catron 
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2002).  Recent unpublished data from the Detweiler lab has also demonstrated that depleting 
lipids from HMs hinders STm replication, and adding lipids back to those HMs rescues STm 
growth (Nagy, unpublished).  These lipids, like iron, remain in a separate vesicle from the 
bacteria.  If STm is acquiring these nutrients, the bacteria may have evolved a mechanism to 
hijack vesicular trafficking and induce vesicular fusion of the iron and/or lipid filled vesicles 
with the Salmonella-containing vesicle.  Utilizing a vesicle fusion inhibitor and monitoring 
fusion of vesicles by microscopy could elucidate whether STm are capable of inducing vesicle 
fusion with the Salmonella-containing vesicle.      
 Elucidating bacterial mechanisms that work synergistically with host mechanisms, like 
HO-1, could lead to a better understanding of STm virulence in various diseases like Typhoid 
fever.  Ultimately, future work completed in this area can aid in the development of novel 
therapeutics related to Typhoid fever and other diseases characterized by the presence of HMs.   
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